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ABSTRACT 

Free-flight tests were conducted in the Defence Research Establishment 
V alcartier (DREV) Aero ballistic Range on the Basic Finner reference projectile 
from transonic to high supersonic velocities. The projectile consisted of four 
rectangular fins on a cone-cylinder body with a total length-to-diameter ratio of 
10.0. Fin cants of 0°, 2° and 4° were imposed. The Mach number range tested 
was between 1.0 and 4.5. All the main aerodynamic coefficients and stability 
derivatives were well determined using linear theory, six-degree-of-freedom 
single- and multiple-fit reductions techniques. The results were also compared 
with results from other aeroballistic ranges. The fins on the models fired at 
Mach 4.5 ablated during flight. A dynamic stability analysis showed a Magnus 

instability at certain Mach numbers and spin rates. 

RESUME 

Des essais en vollibre ont ete effectues dans le corridor aerobalistique du 
Centre de recherches pour la defense Valcartier (CRDV) avec le projectile de 
reference Basic Finner a des vitesses transsoniques et supersoniques. Le 
projectile etait muni de quatre ailettes rectangulaires sur un corps cone­
cylindre avec un allongement de 10. L'inclinaison des ailettes par rapport au 

corps principal etait de 0°, 2° et 4°. La gamme de nombres de Mach se situait 
entre 1.0 et 4.5. Tous les coefficients aerodynamiques principaux et les derives 
de stabilite ont ete tres bien determines avec les methodologies de reduction 
des donnees lineaires et six degres de liberte par les options de reduction simple 
et multiple. Les resultats sont aussi compares a des resultats d'autres 
corridors aerobalistiques. Les ailettes sur les modeles tires a Mach 4.5 ont subi 
une ablation. Une analyse de stabilite dynamique a demontre une instabilite 
Magnus a certains nombres de Mach et tau:X de roulis. 
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EXECUTIVE SUMMARY 

. Th~ DREV Aeroballistic Rang~ is a unique facility where projectile 
traJectones are accurately determined and converted to aerodynamic 
coefficients and stability derivatives. Even though the DREV Aeroballistic 
range has been fully operational since 1990, other priorities (small caliber 
Range Limited Training Ammunition, 105-mm Spinning Tubular Projectiles 
and several international obligations) prevented firing a reference projectile 
configuration to evaluate the accuracy of the determined coefficients. It was 
ther~fore deemed necessary to fire the Basic Firmer reference projectile in the 
DREV Aeroballistic range. The opportunity was also taken to increase the 
aerodynamic data base to higher supersonic Mach numbers which was lacking 
with the previous tests. This increase in the data base will allow empirical and 
analytical prediction tools to be adjusted with reliable and absolute data at the 
higher Mach numbers. 

The Basic Finner configuration was used for many years as a reference 
projectile and it was tested extensively in other aero ballistic ranges and in wind 
tunnels. The model consists of a 20° nose cone on a cylindrical body with four 
rectangular fins. The 1/d of the model was 10.0. The nominal diameter of the 
projectiles was 30 mm. Fin cants of 0°, 2° and 4° were imposed to produce a 
desired roll motion. The highest Mach numbers tested at the other aeroballistic 
ranges was Mach 3 and the data analysis used at the time consisted only of 
linear theory. 

All of the main aerodynamic coefficients (Cxo, CNa. CMa, CMq, CnPa, 

C1p , C10 8) were very well determined over a Mach number range of 1.05 to 4.5. 

Some nonlinear behaviors in the axial force and in the static pitch moment 
were also determined. The aerodynamic coefficients determined from these 
tests are in excellent agreement with published data. 

A dynamic stability analysis explained a growth in angle of attack that 
was observed on some shots as the projectile flew downrange. This was 
attributed to a Magnus dynamic instability on the precession mode. A stability 
diagram showing the onset of instability as a function of spin rate (or cant 
angle) and Mach number was also determined. Some aeroheating aspects were 
observed on the projectiles fired at the highest muzzle velocity of 
approximately 1520 m!s'. 

The results show that the DREV Aeroballistic Range is a unique and 
excellent tool to obtain the dynamics of a projectile in flight and the absolute 
values for the aerodynamic coefficients. Other facilities, such as wind tunnels 
or predictive tools, such as computational fluid dynamics, are useful for 
relative comparisons but cannot provide absolute values with a high degree of 
reliability and are quite limited in the acquisition of dynamic stability 
derivatives. 
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NOMENCLATURE 

Computer Output Description 

CD 

CDO 

CDSQ 

CG 

Clg 

Cnp 
Cng 

Cnsm 
CN 

CNda 
CNdB 

Cm 
Cmq 

Cmda 
CmdB 
Cmg 

ex 

CYp 
CYg 
CZg 

Cross sectional area of projectile (m2) 
Diameter of projectile (mm) 
Total drag coefficient 
Drag force coefficient at zero angle of 
attack 
Yaw drag coefficient derivative 

Center of gravity (m) 
Roll damping moment coefficient 
Roll moment coefficient due to fin cant 
Induced roll moment coefficient 

Magnus moment coefficient 
Induced yaw moment coefficient 

Side moment coefficient 
Normal force coefficient 
Trim force coefficient component 
Trim force coefficient component 

Static pitch moment coefficient 
Pitch damping moment coefficient 
Trim moment coefficient component 
Trim moment coefficient component 
Induced pitching moment coefficient 

Axial force coefficient at zero angle of 
attack 
Magnus moment coefficient 
Induced normal force coefficient 
Induced normal force coefficient 

Axial and transverse 
moments of inertia (kg m2) 
Length of projectile (m) 
Length-to-diameter ratio 
Mass of projectile (kg) 
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M Mach Mach number 
p Spin rate (rad/s or deg/m) 

Rei Reynolds number based on length of 
projectile 

sg Gyroscopic stability factor 

u, v, w Projectile component velocities (m/s) 
v Total projectile velocity (m/s) 

X, Y,Z Projectile coordinates (m) 
t Time of flight (s) 
a. a Total angle of attack (deg) 

<X max AMAX Maximum angle of attack (deg) 

AN,AP LN,LP Nutation and precession damping (1/m) 

e, 'lf, <I> Projectile orientation (deg) 

8 Fin cant angle (rad or deg) 
-2 8 DBSQ Mean squared yaw (deg2) 
e Sine of the total angle of attack, 

sin a.= 
v2+w2 

y2 

p Air density (kgfm3) 

6DOF Six degree of freedom 

Subscripts 

a.· 1 ai (i) Derivative with respect to ei 
M M Variation with Mach number 

Examples 

CM-a Cma Pitching moment coefficient slope 

CM-<X3 Cma3 Pitching moment coefficient w.r.t. e3 

CMq-<X2 Cmq2 Pitch damping coefficient w.r.t. e2 
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1.0 INTRODUCTION 

This memorandum presents free-flight data that have been reduced to 

aerodynamic coefficients from tests on the Basic Finner reference projectile. 

The model consisted of four rectangular fins on a cone-cylinder body with a 1/d 

of 10. These tests and data analysis were carried out in the Defence Research 

Establishment Valcartier (DREV) Aeroballistic Range. Twenty six models 

were fired in the Mach number range of 1.05 to 4.5. 

The Basic Firmer configuration was used for many years as a reference 

projectile and it was tested extensively in other aero ballistic ranges and in wind 

tunnels. The highest Mach numbers tested at the other aeroballistic ranges 

was Mach 3. The data analysis used at the time consisted of linear theory 

where the motion had to be decoupled in time-distance for drag, swerve for 

normal force, pitch and yaw for aerodynamic yaw moments and roll for the roll 

damping and roll producing moment coefficients. 

It was therefore deemed necessary to fire some Basic Finner projectile in 

the DREV Aeroballistic Range to compare the accuracy of the determined 

aerodynamic coefficient and stability derivatives with published data. Even 

though the DREV Aeroballistic Range has been fully operational since 1990, 

other priorities prevented firing this projectile configuration until recently. The 

opportunity was also taken to increase the aerodynamic data base to higher 

supersonic Mach numbers which was lacking with the previous tests. This 

increase in the data base will allow empirical and analytical prediction tools to 

be adjusted with reliable and absolute data at the higher Mach numbers. Also, 

computational fluid dynamic studies could also use the data to validate their 

predictions. 

The data analyses used in the DREV tests consisted of the linear theory 

and the six-degree-of-freedom Maximum Likelihood Function methods. The 

latter method was not utilized in the analysis of the published data. The motion 

is not decoupled in the six degree-of-freedom (6DOF) analysis. The 6DOF data 

reduction system can also simultaneously fit multiple data sets (up to five) to 
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a common set of aerodynamics. Using this multiple-fit approach, a more 
complete range of angle of attack and roll orientation combinations is available 
for analysis than would be available from a single flight. This increases the 
accuracy of the determined aerodynamics over the entire range of angle of 
attack and roll orientations. Using this reduction technique would also verify 
the previously published data, especially the dynamic stability derivatives 
which are difficult to obtain in the best of circumstances. 

All of the main aerodynamic coefficients (Cxo, CNa, CMa, CMq, Cnpcx, 
C1p, C108) were determined in linear theory and in both the 6DOF single- and 

multiple-fit data reduction techniques. Some nonlinear aerodynamic 
coefficients were also determined as well as some Mach number dependence on 
the main coefficients with the multiple-fit reductions. These aerodynamic 
coefficients are also compared with the previously published data. 

A dynamic stability analysis was also accomplished to explain the flight 
behavior of several shots. Motion plots, comparing the theoretical trajectories 
with the experimental ones, are included for all test shots as well as 
photographs of typical shock structures at the various velocity regimes. Some 
ablation due to aerodynamic heating was also observed. 

This work was performed at DREV from March 1995 to December 1995 
under Work Unit 2ea14, Flight Mechanics of Munitions. 

2.0 EACILITY DESCRIPTION 

The Defence Research Establishment Valcartier (DREV) Aeroballistic 
Range (Refs. 1 and 2) is an insulated steel-clad concrete structure used to 
study the exterior ballistics of various free-flight configurations. The range 
complex consists of a gun bay, control room and the instrumented range (Fig. 
la). A massive blast wall is located in front of the building to stop sabot pieces 
and minimize vibrations transmitted to the range structure and 
instrumentation. Projectiles of caliber ranging from 5.56 to 155 mm, including 
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tracer types, may be launched. Large-caliber models have been fired up to 

Mach 7. 

The 230-metre instrumented length of the range has a 6.1-m square 

cross section with a possibility of 54 instrumented sites along the range (Fig. 

1b). For these tests all of the stations were operational. These sites house fully 

instrumented orthogonal shadowgraph stations that yield photographs of the 

shadow of the projectile as it flies down the range. The maximum shadowgraph 

window, an imaginary circle within which a projectile will cast a shadow on both 

reflective screens, is 1.6 m in diameter. There are also four Schlieren stations 

(three operational for these tests) at the beginning of the range that yield high 

quality flow photographs. The range is also air conditioned to maintain a 

constant relative humidity of approximately 45%. The nominal operational 

conditions of the range are 20° C at standard atmospheric conditions. The 

spark source and reference point locations that were used were deduced from a 

standard survey. A dynamic calibration was conducted in the downrange 

coordinate only. 

3.0 MODELS AND TEST CONDITIONS 

3.1 Model Confieuration 

The Basic Finner reference model consists of a 20° nose cone on a 

cylindrical body with four rectangular fins, as shown in Fig. 2. The configuration 

was based on Refs. 3, 4 and 5. The 1/d of the model was 10.0. The fin dimensions 

were 1 calx 1 cal and conical in shape with a thickness of 0.08 cal at the base 

of the fin. The leading edges of the fins were very sharp with a radius 0.004 cal. 

The meplat of the nose was also at a radius of a 0.004 cal. The nominal 

diameter of the tested projectiles was 30 mm. 

The models were ballasted to obtain a center of gravity at 

approximately 5.5 calibers from the nose of the projectiles to assure static 
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stability at all tested Mach numbers. The ogive of the model was made of a 

high-density alloy and the fins and the cylindrical portion of the projectile were 

made of steel. The nominal physical properties of the models tested are given in 

Table I and the physical properties of each test projectile are listed in Table II. 

The fins were deliberately canted to produce roll motion. Nominal fin 

cants of 0.0°, 2.0° and 4.0° were applied. All the fins were canted at the same 

nominal cant angle on one model to produce a clockwise roll motion when the 

projectile is viewed from the rear. The fin cant of each individual fin were 

measured and the average fin cant angles for each model are given in Table III. 

Figure 3a shows the tested projectile at the three nominal fin cant angles. 

The models (A01-A04, A11-A14, A21-A24), were specifically designed to 

be fired at the lower velocities and were made of stress-proofed steel with a 100 
000 psi yield. All the other projectiles were made with AISI 4340 Heat Treated 

to a ROC "C" 40-42 hardness so that they could withstand the highly expected 

launch accelerations at the higher velocities. 

The models were modified by adding roll pins to measure the projectile's 

roll orientation in the Aeroballistic Range (Fig. 3b). Two roll pins are shown in 
the figure but the smaller one was clipped off for the tests to simplify the film 
reading. 

3.2 Sabot Desien 

The sabot for the model (Fig. 3b) consisted of a two-piece petal type 

made of aluminum and was designed to be fired from a 110-mm smooth bore 
powdered gun. It had four projectile centering screws at the front of the sabot. 

The saw cut lengths on each side were adjusted to obtain adequate petal 

separation for the expected velocities. Teflon riders were situated at the front 

and the rear of the sabot to protect the gun tube from erosion due to friction. A 

sabot base pad seal was also used to prevent gas leakage pass the sabot body. 

The projectile rested on a two piece steel pad (not shown) situated at the base 
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of the sabot to transmit the launch loads to aluminum sabot. The complete 

drawings of the sabot design are given in Appendix A. The mass of the 

combined sabot-projectile was approximately 3.6 kg. 

All the models were fired from a 110-mm smooth bore gun and worked 

well at the velocities tested which ranged from 340 to 1511 m/s. Typical model­

sabot separations at 6.1 m from the muzzle are shown in Fig. 4 at muzzle 

velocities of approximately 380 and 1511 m/s. As can be observed, the petals 

separated cleanly from the projectile and all the sabot pieces were stopped by 

the massive sabot trap located in front of the instrumented range. 

3.3 Test Conditions and Particularities 

Twenty-six (26) projectiles were fired in this aeroballistic range program. 

As part of the experimental design, it was planned to fire, at one nominal Mach 

number, projectiles with the three fin cant nominal angles. This was done so as 

to be able to use the full capability of the multiple fit option in the data 

reduction software in obtaining the aerodynamic coefficients. Also, the whole 

Mach number range between 1.0 to 4.5 was to be covered. 

Due to the expected high launch loads at the higher velocities, two 

propellant types were utilized. The NQM 044 propellant was used to fire the 

projectile- sabot at the lower velocities ranging between 380 and 1159 m/s and 

NQM 04 7 was used for the higher velocities. 

The propellant type, the charge mass, the muzzle velocities and which 

model was fired at a particular velocity are given in Table IV. The model 

number with the appropriate nominal fin cant angle are also provided. The 

number between parentheses below the model number is the mid-range Mach 

number for that particular shot and an average was taken to obtain the 

reference Mach numbers necessary for the data reduction process and to 

select the shot groupings for the multiple data reductions. The muzzle velocity 

indicated is the average for the number of projectiles fired at that charge. The 
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associated propellant charge mass is also given. The fins of Shot Al4 ablated 
during in flight and no films could be analyzed. There were also indications that 
Models AOl and All had slight fin ablation (see Section 5.2). The propellant 
charged was slightly reduced for Shot A23 due to this. 

The measured physical properties of each test projectile are given in 
Table II and the projectiles which had roll data are also indicated. The roll pins 
of Shots AOl and A23 could not be read on the films. The range conditions for 
each test projectile at time of firing are given in Table V. The Reynolds number, 
based on the length of the projectile, ranged between 7.00 x 106 and 30.0 x 106 
for the Mach number range of 1.0 to 4.5, respectively. 

Typical shadowgraph photographs showing the flow structure around 
the projectile at various Mach numbers are shown in Figs. 5 to 7. The 
supersonic flow structures at Mach 4.5 and 3.0 are shown in Figs. 5 and 6 
respectively. The boundary layer growth along the projectiles is clearly seen. 
The transonic flow structure on projectile AlO is shown on three photographs 
(Fig. 7) as the projectile flew downrange. The velocity and Mach number given 
on each caption were deduced from the six-degree-of-freedom data reduction 
techniques. It can be noticed that as the projectile decelerates, the bow shock 
becomes more normal and the fin shock gets further away from the fins. 

The numbering scheme to refer to the shots is as follows. The shot 
numbers are identified by two letters followed by 8 digits, as for example 
DA95030111. The "D" implies that the biases from a dynamic calibration were 
taken into account for this shot. Other numbers (950301) indicates the date 
(year, month and date) that the projectile was fired in the range. The last two 
digits correspond to the shot number. For the example given above, the shot 
number corresponds to the eleventh shot that was fired in the range on March 
1st, 1995. 
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4.0 FREE-FLIGHT DATA REDUCTION 

Extraction of the aerodynamic coefficients and stability derivatives is 

the primary goal in analyzing the trajectories measured in the DREV 

Aeroballistic Range. This is done by means of the Ballistic Range Data 

Analysis System (BARDAS, Ref. 6), shown in Fig. 8. This program, BARDAS, 

incorporates a standard linear theory and a six-degree-of-freedom (6DOF) 

numerical integration technique. The 6DOF routine incorporates the Maximum 

Likelihood Method (MLM) to match the theoretical trajectory with the 

experimentally measured trajectory. The MLM is an iterative procedure that 

adjusts the aerodynamic coefficients to maximize a likelihood function. The 

application of this likelihood function eliminates the inherent assumption, in 

least-square theory, that the magnitude of the measurement noise must be 

consistent between parameters (irrespective of units). In general, the 

aerodynamic coefficients are nonlinear functions of angle of attack, Mach 

number and roll angle. 

BARDAS represents a complete ballistic-range data reduction system 

capable of analyzing both symmetric and asymmetric models. The essential 

steps of the data reduction system are (1) to assemble the dynamic data (time, 

position, angles), model measured physical properties and atmospheric 

conditions, (2) to perform linear theory analysis, and (3) to perform 6DOF 

analysis. 

These three steps have been integrated into BARDAS to provide the 

test scientist with a convenient and efficient means of interaction. At each 

step in the analysis, permanent records for each shot are maintained so that 

subsequent analyses with data modification are much faster. 

The 6DOF data reduction system can also simultaneously fit multiple 

data sets (up to five) to a common set of aerodynamics. Using this multiple-fit 

approach, a more complete range of angle of attack and roll orientation 

combinations is available for analysis than would be available from a single 
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flight. This increases the accuracy of the determined aerodynamics over the 
entire range of angle of attack and roll orientations. 

The aerodynamic data presented in this document were obtained using 
the linear theory analysis, the fixed-plane 6DOF analysis (MLMFXPL) with 
both single- and multiple-fit data correlation techniques after a dynamic 
calibration, as discussed below. The equations of motion have been derived in a 
fixed-plane coordinate system, with Coriolis effects included. The formal 
derivation of the fixed-plane model is given in Ref. 7. 

All the results presented here were deduced after the dynamic 
calibration qiases were accounted for in the X-direction. The details of the 
dynamic calibration for the DREV Aero ballistic Range are given in Ref. 8 and 
the methodology is explained in Ref. 9. 

5.0 FREE-FLIGHT RESULTS AND DISCUSSIONS 

The aerodynamic coefficients and stability derivatives that were reduced 
from the free-flight trajectories measured in the Aeroballistic Range are 
presented in both tabular and plotted form for both the linear theory analysis . 
and 6DOF reductions. All of the determined aerodynamic coefficients are given 
at the mid-range measured Mach number. 

5.1 Linear Theory Results 

The linear theory results are presented in Tables VI and VII. The 
probable errors of fit from the decoupled motion (downrange, swerve, angular 
and roll) of the linear theory analysis are given in Table V. The maximum angle 
of attack observed ranged between 0. 7° and 9.0°. 

The linear theory parameters deduced from the decoupled motion are 
given in Table VI. All the shots, except for three (DA13, DA22 and DA23) were 
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dynamically stal;>le, as observed by the negative precession and nutation 

damping modes. The linear theory parameters indicate the precession arm 

does not damp (positive value) for these three shots. These will be further 

investigated in the six-degree-of-freedom analyses. 

The aerodynamic coefficients deduced from the linear theory parameters 

are presented in Table VII. The methodology to obtain the aerodynamic 

coefficients from the linear theory parameters is explained in Ref. 6. The main 
aerodynamic coefficients (CDQ, CNcx,, CMcx.) are consistent and the probable 

errors of fit of the motion (Table V) are quite acceptable. All the models were 

statically stable, as shown by the negative slope of the pitch moment 
coefficient. There is some dispersion in CMq and Cnpa: mainly due to the low 

angles of attack on some shots. The linear analysis does not fit for a roll 
moment due to a fin cant ( C18 8 ), and therefore, the roll damping coefficient 

( C1 ) in the linear theory results are irrelevant (Table VII). These coefficients 
p 

and any nonlinearities 'are best modeled and reduced with the 6DOF reduction 

technique of the next section. 

5.2 Six-Degree-of-Freedom Results 

The determined aerodynamic coefficients, their respective probable 

errors, and the probable errors between the theoretical and experimental 

trajectories for the axial, angular and roll motions are given in Table VIII and 

Table IX for the single-fit and multiple-fit data reduction techniques, 

respectively. The moment reference center for the pitch and Magnus moment 

coefficients was at 55% of the length from the nose of the projectile (5.50 cal). 

All the results are given at the mid-range Mach number for the single-fit data 

reductions and at the average mid-range Mach numbers for the multiple-fit 

data reductions. 

A coefficient that appears with a value and a(*) between parentheses 

directly below, indicates that this coefficient was held constant and one that 

has a (-) between parentheses indicates that this coefficient was solved for and 
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that the probable error for this coefficient was higher than 100%, that is, it 
does not influence the fit and is considered undetennined. Those with numbers 
between parentheses represent the probable error for that particular 
coefficient. 

The multiple-fit groups were chosen by Mach numbers, as mentioned 
previously (Table IV). Eight groups of multiple-fit data reductions were 
conducted. Whenever possible, individual shots with all three fin cant angles 
were included in the multiple fits. Two shots (DA22 and DAOl) were not 
included in the multiple-fit data reduction process. The first one since it is 
believed that C18 8 and C1p are at the transonic trend extreme and the second 

shot (DAOl) is believed to be flying in a resonance condition. Unique Cxo were 

solved for the multiple-shot groups at Mach number of 1.832, 2.375, 2.718 and 
3.14 7 since the probable error of fits improved considerably when doing so. 

As seen from the Tables VIII and IX, all of the main aerodynamic 
coefficients (Cxo, CN a, CMa, CMq, Cnpa, C1p, C188) were very well 

determined as indicated by the low probable errors of fits on the coefficients. 
The aerodynamic trims were solved for all the shots that had low spin rates (no 
fin cant). The nonlinear axial force coefficient ( Cx 2 ) was well determined in 

a 
the multiple-fit data reductions. The cubic pitch moment coefficient term 
( CM 3 ) was also determined with both the single- and multiple-fit data 

a 
reduction techniques at the higher Mach numbers where high angles of attacks 
were achieved. The variation of the CMa and Cxo with Mach number changes 

rapidly in the transonic region as noticed by the determined coefficients 
( CMaM and CxoM) in the multiple-fit data reductions. These last two 

coefficients were also solved for in the single-fit reductions (results not in Table) 
and were consistent with the multiple-fit results. 

An attempt to solve for a pure side moment with no influence of spin 
( Cnsm) in lieu of the Magnus moment ( Cnpa ) was conducted and in all the 
cases a better fit was obtained when Cnpa was solved for. 
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The probable errors of the single and multiple fits are of the order of 0.7 

mm in the downrange coordinate, 0.4 mm in the swerve motion, 0.08° in pitch 

and yaw and of the order of 1.5° in rolL These fits are considered excellent and 

are consistent with other tests conducted in the DREV Aeroballistic Range. 

The 6DOF probable errors of fits are smaller than the linear theory ones 

because of the better mathematical modeling of the motion, such as the 

inclusion of aerodynamic trims, angle of attack dependent terms and variation 

with Mach number. 

The fins of Shot DA14 fired at an approximate velocity of 1520 m/s 

ablated during flight. The shadowgraphs showed a continuous light streak on 

them, which is consistent with observed burning fins on other projectiles fired 

in the DREV Aeroballistic Range (Ref. 10) where fins ablated. Due to this, no 

aerodynamic data could be obtained for this shot. The fins of the Basic Firmer 

models were made of steel and were rectangular in shape with a very sharp 

leading edge. The fin ablation is believed to be caused by the same process as 

the one observed in Ref. 10. That is, the prime area of heating occurs on the fin 

leading edge, where the interaction between the fin bow shock, which separates 

the boundary layer, and the separation shock generated at the leading edge of 

the viscous interaction, gives rise to a supersonic jet, which impinges on the fin. 

It is there that the effect of ablation is most apparent, and this interaction 

causes the re-entrant profile on the fin leading edge. 

Two other shots (DAOl and DAll) fired at the same approximate 

velocity showed some indication that some form of ablation occurred. This was 

noticed by traces of carbon deposits around the fin cutout imprints on the 

cardboard target at the end of range indicating that some fin ablation occurred. 

These two shots were fired at the same propellant charge as shot DA14. This 

seems to indicate that Shot DA14's muzzle velocity was just a bit higher than 

the other two and that it was enough to initiate the ablation process. 
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5.3 Comparison of 6DOF Single- and Multiple-Fit Results 

A comparison of the reduced aerodynamic coefficients from the 6DOF 

data reductions techniques with the single- and multiple-fits results are given 

in Figs. 9 to 16. The single-fit data points are shown as crosses, while the 

multiple-fit data reduction results are given as a solid circles. 

Appendix B presents, for every test shot, the total angle-of-attack 

history with the observed angular motion and the theoretical determined one 

with the reduced aerodynamic coefficients. When a multiple-fit data reduction 

was conducted, these are given in priority, and if not available, the single-fit 

ones are presented. The experimental data points (open circles) and the 

calculated trajectory (continuous line) from the determined coefficients are 

compared. This allows a verification that the reduced aerodynamic coefficients 

do fit the experimental trajectory satisfactorily. For every shot, the total angle 

of attack, the angular motion plots and the spin rate in deg/m are given as a 

function of the downrange coordinate as well as the motion in the pitch-yaw 

plane. On the spin plots, the nutation pitch frequency is also given. 

The axial force coefficient at zero angle of attack (Cxo) as a function of 

Mach number is shown in Fig. 9. The agreement is excellent between the single 

fit and the multiple fits. There is a bit of scatter in the single-fit results. The 

single-fit reductions for this coefficient are plotted in Fig. 10 versus Mach 

number and with the nominal fin cant angle indicated. This was conducted to 

investigate any influence of spin on the axial force coefficient and no specific 

trends can be inferred from Fig. 10 that would indicate such an effect. 

CN ex, the normal coefficient slope, versus Mach number is displayed in 

Fig. 11. There is some scatter in the single fit results· due to some low angle-of­

attack cases. One single point, Shot DAOl, at Mach 4.45 seems to be above 

the trend at the higher supersonic Mach number. The spin history of this shot 

indicates (Appendix B) that it went through resonance. The probable error in 

the angular motion for this shot is 0.15° and well above the others. Also, as 

mentioned previously, some indication of fin ablation was also noticed on this 
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shot which might influence some coefficients. The transonic peak point at 

approximately Mach 1.25 seems to have been missed at this trial. 

The variation of the pitching moment coefficient slope, CMa., with Mach 

number is shown in Fig. 12. The scatter in the results was very small. The 
transonic peak point was also not obtained. The change in CMa. with Mach 
number in the transonic region is quite high. CM 3 was well determined at 

0: 

Mach numbers above 3.5 (Table IX). 

The determined pitch damping coefficient, CMq, as a function of Mach 

number is presented in Fig. 13. The scatter is higher than for the other 

coefficients but the main trend can be observed. The multiple-fit data point at 

Mach 2.4 does not follow the main trend. The single-fit data point (DA27) at 

-400 was well determined and the angular motion (Appendix B) shows a 

possible Magnus instability. 

The Magnus moment coefficient slope, Cnpo:, is given in Fig. 14. The 

coefficient was well determined and the agreement between the single and 
multiple fits is very good. At Mach 1.8 the coefficient is approximately -35 and 

decreases gradually to -9 as the Mach number increases to Mach 4.5. The 

magnitude changes very rapidly in the transonic region (1.05 < M < 1. 7) to 

peak at approximately -330 at Mach 1.3 and then falls rapidly to zero just over 
Mach 1. The multiple fit at 1.05 did not detect any Cnpo: at all. 

C1 , the roll damping coefficient, is demonstrated versus Mach number p ' 

in Fig. 15. As with the other cases, it is well determined and the agreement is 

very good. The transonic peak for this coefficient seems to have been found at 

roughly Mach 1.4 on Shot DA22. 

The data reduction process solves for a total roll moment coefficient due 
to fin cant C1

0 
8 . This coefficient produces the required moment to impose a 

roll motion or c;iesired spin rate on the projectile. It is solved individually when 

conducting multiple fits since it is unique for a particular projectile or fin cant. 
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The coefficient that is usually published is C10 and in this case, per radian. To 

achieve this, the fin cant angles must be measured with accuracy and this was 

done (Table III). Only the shots with some cant angles can be used in this 
process. The combined values C10 8 and the computed C10 based on the 

average measured fin cants are given in Table X for each individual shot 
number and these are based on the single fit data reductions. The trend of C10 

with Mach number is offered in Fig. 16. 

6.0 COMPARISON OF DREV RESULTS WITH PUBLISHED DATA 

As the Basic Finner served as a reference or a calibration projectile for 

many years, there is sufficient data to compare the DREV results with. This 

projectile was extensively tested in other aeroballistic ranges (Ref. 3 - 5) 

mostly from Mach 1.0 to 3.0. The data reduction process utilized in these 

reports was based only on the linear theory analysis. Ref. 3 was utilized to 
compare the main aerodynamic coefficients of Cxo, CNa, CMa, CMq and Ref. 
4 for C1p and C10 . The Magnus moment coefficient slope, Cnpa , was not 

compared since the data of Ref. 3 was very erratic and there was high scatter. 

The aerodynamic coefficients of those two reports were transformed to 

the terminology and convention used in this memorandum. The moment 

coefficients were transferred to the center of gravity of the projectiles fired in 

the DREV Aeroballistic Range. 

The results from the DREV Aeroballistic Range with the multiple-data 

reduction technique are compared with the published data of Refs. 3 and 4 in 

Fig. 17. The agreement is excellent. Some of the scatter in the results of the 

published data might be inferred from the limitations of the linear theory 

analysis and the magnitude of the angles of attack. 

·················································································---------------------------------
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7.0 DYNAMIC STABILITY ANALYSIS 

Several shots showed a large increase in angular growth while some 

shots were initially damping and increased in angular growth as the projectile 

flew downrange. Shot DA13 at Mach 1.25 and DA22 at Mach 1.38 show 

(Annex B) an increase in angle of attack as the projectile flies downrange. The 

initial angle of attacks for both shots were approximately 2° and DA13 grew to 

3° while DA22 to 10° at 250 m. The other shot at the same approximate Mach 

number, DA09, showed regular damping trend in angle of attack. The last shot 

had no fin cant, while DA13 and DA22 had fin cants of 2° and 4°, respectively, 

producing different spin rates as seen in Appendix B. The magnitude of the 

Magnus coefficient slope in this Mach number region is also very high as shown 
in Fig. 14. The combined high magnitude of Cnpa and the high spin rate 

achieved seems to indicate a Magnus instability. The approximate steady spin 

rates of the 2° and 4° fins cants (Appendix B) are approximately 65 deg/m and 

125 deg/m, respectively. 

Shot numbers DA26, DA27, DA28 and DA29 show the initial angle of 

attack damping and then increasing slightly as the projectile flew down range 

(Appendix B). All of these shots have a 4° fin cant and the spin rate increases 

rapidly as the projectile flies down the range. The Mach number range of these 

shots is between 1.8 and 2.7 and the magnitude of the Magnus moment 

coefficient slope lies between -100 and -25 in this Mach number range. 

To obtain a better understanding of this, a dynamic stability analysis 

was conducted. The angular motion can best be explained with the linear 

theory analysis formulation (Ref. 6). The pitch and yaw motions are modeled 

by a damped sinusoidal function. The yaw damping factors of the nutation and 

precession arms are given, respectively, by (Ref. 11): 

p A [ ( 1 ) k2
2 

( 1 ) k 1
2 

] AN = -- -CNa 1 - - + -- 1 + - CMq + - Cnp 
4m cr 2 cr cr a 

[1] 



where: 

where sg is given by 
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and 

k -2 _ md2 
1 --­

Ix 

k -2 _ md2 
2 --­

Iy 

a = ~1- 1 

Sg 

[2] 

[3] 

[4] 

[5] 

[6] 

The above formulation is usually utilized for a spin stabilized projectile 
but it also holds for finned projectiles with adequate spin rates. In this case the 
gyroscopic stability factor is negative, since CMa is negative. 

The criterion for a projectile to be dynamically stable is that the fast and 
slow arm damping factors be negative. By inspection of the two damping terms 
above, equation [1] and [2], a high negative Magnus moment coefficient slope, 
CnPa, combined with a high spin rate can only render the precession arm 

unstable, i.e. greater than zero. 

A computer algorithm was written to calculate the precession damping 

term as a function of spin rate for different Mach numbers. The aerodynamic 
coefficients determined from the aeroballistic range using the multiple-fit data 
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reduction technique (Table IX), the nominal physical properties of the test 
projectile as well as typical atmospheric conditions at time of firing were 

utilized. 

The results of the calculations are given in Fig. 18 on two different 
scales. The precession damping term, 'Ap, is given as a function of the spin rate 

in deg/m for various Mach numbers. If 'Ap > 0.0, the projectile is dynamically 

unstable and the angle of attack will increase as the projectile flies downrange. 
The range of spin rate induced by the 0°, 2° and 4° fin cants lies between 0 
deg/m and 135° deg/m (Appendix B). 

The first observation is that at Mach 1.29 the precession arm goes 
positive at a spin rate of approximately 30°/m. The two shots that were fired 
at this approximate Mach number, as explained previously, had a spin rate 

higher than 30°/m and showed an angular growth, especially for the 4° cant 
model. Therefore, it can be concluded that a Magnus dynamic instability will 
occur in the transonic regime for projectiles with high fin cants. 

For all the other Mach numbers that were calculated, the precession 
arm becomes positive, i.e. unstable, in the range of spin rate that lies between 
120 deg/m and 160 deg/m. Since the steady spin rates obtained for the 4° cant 
models are approximately 125 deg/m and some went even as high as 135 
deg/m, the possibilities of a Magnus instability to occur are rather high. No 
doubt that it is at the limit. A higher fin cant angle would definitely have caused 
a dynamic instability at all Mach numbers. This also explains why some 4° 
cant models showed some angular growth while others did not. 
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8.0 CONCLUSIONS 

The aerodynamic characteristics of the Basic Finner projectile were 

determined from free-flight tests in the DREV Aeroballistic Range with the full 

complement of stations. The Mach number ranged between Mach 1.05 and 4.5. 

The rectangular fins of the projectiles were canted at nominal angles of0°, 2° 

and 4 o producing spin rates in the range of 0 deg/m, 65 deg/m and 125 deg/m, 
respectively. All of the main aerodynamic coefficients CCxo, CNa, CMa, CMq, 
Cnpa,, C1p , C10 8) were very well determined. This was confirmed by the 

probable errors of the reduced coefficients and the low probable errors of fits 

between the experimental and theoretical trajectories of the linear theory 

analyses and 6DOF reduction techniques. Some nonlinear behaviors in the 

axial force and in the static pitch moment were also determined from multiple 

fits. 

There was very good agreement between the single and multiple fits with 

probable errors of fits of approximately 0. 7 mm in the downrange coordinate, 

0.4 mm in the swerve motion, 0.08° in pitch and yaw and of the order of 1.5° in 

roll. Detailed flow photographs showing the shock structure and boundary layer 

growth in the range of Mach numbers tested are also given. 

The aerodynamic coefficients determined from these tests were also 

compared with published data from other free-flight aeroballistic ranges. The 

agreement is excellent and the data base was extended to Mach 4.5 with these 

tests. The Magnus moment coefficient slope obtained from the DREV 

Aeroballistic Range tests can be considered better determined that the 

published data. 

A dynamic stability analysis explained a growth in angle of attack that 

was observed on some shots as the projectile flew downrange. This was 

attributed to a Magnus dynamic instability on the precession mode. A stability 

diagram showing the onset of instability as a function of spin rate (or cant 

angle) and Mach number was also determined. It was shown that for transonic 

Mach numbers and for spin rates greater than 30 deg/m, the projectile would 
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be dynamically unstable. At Mach numbers greater than 1.8, the projectile 
would be dynamically unstable if the spin rates are greater than 

approximately 120 deg/m. 

Some aeroheating aspects were detected on the projectiles fired at the 
highest muzzle velocity of approximately 1520 m/s. This was observed on 

previous tests in the DREV Aero ballistic Range and is believed to be caused by 
the same phenomenon. That is, the prime area of heating occurs on the fin 
leading edge, where the interaction between the fin bow shock, which separates 
the boundary layer, and the separation shock generated at the leading edge of 
the viscous interaction, gives rise to a supersonic jet, which impinges on the fin. 
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TABLE I 
Nominal physical properties of model 

d (mm) 30.00 

m (kg) 1.58 

Ix (kg-cm2) 1.92 

Iy (kg-cm2) 97.85 

1 (em) 30.00 

CG (em from nose) 16.50 



TABLE II 
Physical properties of test projectiles 

------------------------------------------------------------------------------------------------------------------
Shot Projectile Axial Inertia Inertia Inertia 

Nunt>er Diameter Mass Inertia y z XY Length CG CG Roll 
(11111) (kg) (kg-m2l (kg-m2) (kg-m2) (kg-m2) (11111) (11111) (cal from nose) (pins) 

------------------------------------------------------------------------------------------------------------------
Dl\95022010 29.969 1.58 0.192E-03 0.981E-02 0.981E-02 O.OOOE+OO 300.072 164.902 5.502 YES 
01\95022219 29.974 1.58 0.192E-03 0.979E-02 0.979E-02 O.OOOE+OO 300.025 165.179 5.511 YES 

~ Dl\95022230 29.969 1.58 0.192E-03 0.980E-02 0.980E-02 O.OOOE+OO 299.898 165.058 5.508 YES 
Dl\95030613 29.746 1.58 0.192E-03 0.979E-02 0.979E-02 O.OOOE+OO 299.542 164.835 5.541 YES 0 Dl\.95022009 29.969 1.58 0.191E-03 0.979E-02 0.979E-02 O.OOOE+OO 300.050 165.007 5.506 YES t"" Dl\95030622 29.972 1.59 0.193E-03 0.982E-02 0.982E-02 O.OOOE+OO 300.076 165.246 5.513 YES > Dl\.95021318 29.969 1.58 0.192E-03 0.979E-02 0.979E-02 O.OOOE+OO 300.025 165.215 5.513 YES r:n Dl\.95021529 29.972 1.58 0.193E-03 0.982E-02 0.982E-02 O.OOOE+OO 299.898 164.944 5.503 YES r:n 
Dl\95021308 29.972 1.58 0.192E-03 0.977E-02 0.977E-02 O.OOOE+OO 300.072 165.139 5.510 YES 1-t 

1-:!:j Dl\.95021328 29.959 1.58 0.192E-03 0.980E-02 0.980E-02 O.OOOE+OO 300.025 165.173 5.513 YES 1-t 
DJ\95020907 29.972 1.58 0.191E-03 0.974E-02 0.974E-02 O.OOOE+OO 300.050 165.210 5.512 YES tr.1 
Dl\95021317 29.966 1.58 0.191E-03 0.978E-02 0.978E-02 O.OOOE+OO 299.364 164.378 5.485 YES t:J 
DJ\95020927 29.959 1.58 0.192E-03 0.962E-02 0.982E-02 O.OOOE+OO 300.076 165.048 5.509 YES 
Dl\95020906 29.969 1.58 0.191E-03 0.978E-02 0.978E-02 O.OOOE+OO 300.072 165.013 5.506 YES 
01\95020916 29.974 1.58 0.192E-03 0.980E-02 0.980E-02 O.OOOE+OO 299.720 164.723 5.496 YES 
Dl\95030603 29.972 1.59 0.193'E-03 0.984E-02 0.984E-02 O.OOOE+OO 300.127 165.094 5.508 YES 
Dl\95022205 29.969 1.58 0.191E-03 0.977E-02 0.977E-02 O.OOOE+OO 300.072 165.148 5. 511 YES 
Dl\95022215 29.972 1.58 0.192E-03 0.978E-02 0.978E-02 O.OOOE+OO 299.974 165.229 5.513 YES 
DJ\95022726 29.969 1.58 0.192E-03 0.979E-02 0.979E-02 O.OOOE+OO 300.025 165.083 5.508 YES 
OA95022702 29.972 1.58 0.192E-03 0.979E-02 0.919E-02 O.OOOE+OO 299.619 164.740 5.496 YES 
01\95030121 29.972 1.59 0.193E-03 0.984E-02 0.984E-02 O.OOOE+OO 299.492 164.520 5.489 YES 
Dl\95022712 29.974 1.59 0.193E-03 0.982E-02 0.982E-02 O.OOOE+OO 299.847 164.964 5.504 YES 
DJ\95031523 29.979 1.59 0.193E-03 0.982E-02 0.982E-02 O.OOOE+OO 300.050 165.243 5.512 NO 
DA95030101 29.972 1.59 0.193E-03 0.981E-02 0.981E-02 O.OOOE+OO 299.593 164.689 5.495 NO 
Dl\95030111 29.979 1.59 0.193·E-03 0.984E-02 0.984E-02 O.OOOE+OO 300.050 165.208 5.511 YES 
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TABLE III 
Measured average fin cant angles 

MODEL Fin cant angle 

NUMBER (deg) (rad) 

AOl 0.000792 0.000014 
A02 0.001000 0.000017 
A03 0.000458 0.000008 
A05 0.000417 0.000007 
A06 0.000708 0.000012 

A07 0.000708 0.000012 
A08 0.000667 0.000012 
A09 0.000833 0.000015 

AlO 0.000458 0.000008 
All 2.000542 0.034916 
A12 2.000292 0.034912 

A13 2.000625 0.034918 
A15 2.000000 0.034907 
A16 2.000208 0.034910 

A17 2.000667 0.034918 
A18 2.000042 0.034907 
A19 2.000417 0.034914 
A21 4.000500 0.069822 
A22 4.000417 0.069821 
A23 4.000375 0.069820 
A26 4.000042 0.069814 
A27 4.000208 0.069817 
A28 4.000083 0.069815 
A29 4.000042 0.069814 
A30 4.000125 0.069815 



Mid 
Range -
Mach Vmuz 
Ref# 

(m/s) 

3.1 1159 

3.1 1035 

2.7 947 

2.4 830 

1.8 643 

1.3 466 

1.1 380 
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TABLE IV 
Summary oflaunch conditions 

a) Propellant NQM 044 

Nominal fin cant angle 
(deg) 

Propellant 

Charge 

Mass 0 2 4 

(kg) 

4.536 - A15 A26 
(3.31) (3.34) 

4.082 A05,A03 - -
(2.97, 

2.97) 

3.630 A06 A16 A27 
(2.74) (2.75) (2.67) 

3.176 A07 A17 A28 
(2.37) (2.42) (2.35) 

2.268 A08 A18 A29 
(1.85) (1.80) (1.85) 

1.814 A09 A13 A22 
(1.33) (1.26) (1.38) 

1.360 A10 A19 A30 
(1.05) (1.06) (1.12) 
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b) Propellant NQM 047 

Nonrinalfincantan~e 
(deg) 

Mid Propellant 

Range - Charge 
Mach Vmuz Mass 0 2 4 
Ref# 

(m/s) (kg) 

4.4 1511 6.260, AOl All, A23 
(4.42) Al4* (4.13) 

5.896(23) (4.47 - ) 

3.75 1298 5.444 A02 Al2 A21 
(3.68) (3.78) (3.74) 

*Fins ablated during flight- no fihns 



TABLEV 
Range conditions 

-------------------------------------------------------------------------------------------------------------------
Shot No. of ct>served Air Speed of Reynolds I Probable Error 

Nurrber Stations Distance Density Sound Number I X Swerve Angle Roll 
(m) lkg/m3) (m/sec) (length) j (m) (m) (deg) (degl 

-------------------------------------------------------------------------------------------------------------------
DA95022010 48 180.0 1.17143 344.00 0.699E+07 0.0006 0.0011 0.070 0.41 
DA95022219 48 180.0 1.17792 343.68 0.704E+07 0.0006 0.0004 0.082 0.36 

~ DA95022230 49 190.0 1.17643 343.88 0.742E+07 0.0006 0.0004 0.059 18.30 
DA95030613 52 210.0 1.17949 343.96 0.836E+07 0.0009 0.0004 0.084 0.90 
DA95022009 51 200.0 1.17998 343.59 0.889E+07 0.0006 0.0006 0.086 0.48 0 
DA95030622 51 210.0 1.17952 344.00 0.920E+07 0.0008 0.0004 0.113 3.01 t"'l 
DA95021318 51 210.0 1.17301 343.74 O.l19E+08 0.0007 0.0003 0.058 0.52 > 
DA95021529 50 210.0 1.19148 343.68 0.124E+08 0.0007 0.0003 0.114 0.85 rn 

rn DA95021308 51 210.0 1.17472 343.74 0.123E+08 0.0007 0.0012 0.080 1.62 1--i 
DA95021328 51 210.0 1.17718 343.59 O.l56E+08 0.0008 0.0004 0.071 0.84 ":rJ 
DA95020907 50 210.0 1.15631 343.73 0.155E+08 0.0006 0.0011 0.094 0.30 

1--i 
tz:j 

DA95021317 50 210.0 1.17843 343.41 0.161E+08 0.0007 0.0003 0.074 14.84 tj 
DA95020927 51 210.0 1.15687 343.78 0.174E+08 0.0009 0.0006 0.107 0.68 
DA95020906 45 180.0 1.16084 343.66 0.180E+08 0.0007 0.0005 0.086 0.57 
DA95020916 42 187.5 1.15931 343.83 0.180E+08 0.0008 0.0004 0.073 0.55 
DA95030603 52 210.0 1.18152 343.83 0.198E+08 0.0007 0.0007 0.076 0.55 
DA95022205 53 210.0 1.17484 343.85 0.197E+08 0.0007 0.0019 0.094 6.19 
DA95022215 50 210.0 1.17395 343.91 0.220E+08 0.0007 0.0003 0.070 0.95 
DA95022726 52 210.0 1. 20303 343.52 0.227E+08 0.0007 0.0013 0.085 20.14 
DA95022702 51 210.0 1.19975 343.64 0.250E+08 0.0007 0.0019 0.076 4.88 
DA95030121 52 210.0 1.18519 343.60 0.251E+08 0.0008 0.0009 0.202 16.36 
DA95022712 50 210.0 1.19728 343.52 0.256E+08 0.0006 0.0004 0.082 2.10 
DA95031523 52 210.0 1.18066 343.83 0.276E+08 0.0006 0.0005 0.101 0.00 
DJ\95030101 36 150.0 1.18209 343.88 0.296E+08 0.0008 0.0006 0.132 0.00 
DA95030111 51 210.0 1.18122 343.80 0.299E+08 0.0009 0.0007 0.111 8.16 



TABLE VI 

Linear theory parameters 

---------------------------------------------------------------------------------------------------------------------------
Shot Mach Nutation Precession Nutation Precession Nutation Precession Nutation Precession 

Number Number DBSQ Vector Vector Damping Damping Frequency Frequency Change Change 

[K10] [K20] [L1] [L2] {W10] [W20] {WD1] [WD2] 

(deg**2) (de g) (deg) (1/ml {1/m) (deg/m) (deg/m) (deg/m2) (deg/m2) 

--------------------------------------------------------------------------------------------------------------------------
DA95022010 1.056 0.4 0.79 0.64 -0.00544 -0.00572 14. 541 -14.473 0.00000 0.00000 

DA95022219 1.057 2.1 1. 86 1.09 -o. oo5o4 -0.00646 15.116 -14.372 0.00000 0.00000 

~ DA95022230 1.116 0.1 0.38 0.38 -o. oo570 -0.00494 15.845 -14.398 0.00000 0.00000 

DA95030613 1.254 2.4 0.98 0.91 -0.01631 0.00413 14.970 -14.198 0.00000 0.00000 0 
DA95022009 1.332 0.7 1.10 0.91 -0.00556 -0.00806 14.410 -14.307 0.00000 0.00000 t:-'1 
DA95030622 1.380 17.9 0.16 0.89 -0.00734 0.01110 13.712 -12.797 0.00000 0.00000 > 
Dl\95021318 1. 799 0.5 0.80 o. 72 -0.00713 -0.00273 11.431 -10.375 0.00000 0.00000 rn 
Dl\95021529 1.846 0.6 0.81 0.66 -0.00855 -0.00039 11.736 -9.716 0.00000 0.00000 rn 
Dl\95021308 1.850 0.9 1.06 0.97 -0.00478 -0.00508 10.638 -10.626 0.00000 0.00000 ~ 

1-:tj 
Dl\95021328 2.348 0.3 0.75 0.47 -0.00785 -0.00121 9.866 -7.922 0.00000 0.00000 ~ 

Dl\95020907 2.364 0.4 0.78 0.62 -0.00465 -0.00465 8.820 -8.853 o.ooooo 0.00000 trJ 
Dl\95021317 2.413 2.0 1.21 1.50 -0.00542 -0.00246 9.195 -8.224 0.00000 0.00000 t:l 
Dl\95020927 2.663 3.4 1.57 1.77 -0.00708 -0.00096 8.991 -7.137 0.00000 0.00000 

Dl\95020906 2. 741 1.9 1.29 1.30 -0.00294 -0.00394 7.798 -7.861 0.00000 0.00000 

Dl\95020916 2.749 0.1 0.26 0.07 -0.00200 -0.00200 8.392 -7.118 0.00000 0.00000 

Dl\95030603 2.969 0.1 0.35 0.28 -0.00437 -0.00385 7.482 -7.414 0.00000 0.00000 

Dl\95022205 2.970 1.6 1.21 1.23 -0.00362 -0.00330 7.495 -7.511 0.00000 0.00000 

Dl\95022215 3.312 2.8 1.41 1.71 -0.00494 -0.00205 7. 314 -6.451 0.00000 0.00000 

Dl\95022726 3.337 0.4 0.44 0.66 -0.00428 -0.00175 7.755 -6.068 0.00000 0.00000 

Dl\95022702 3.681 8.0 2.50 2.77 -0.00261 -0.00324 6.559 -6.556 0.00000 0.00000 

DA95030121 3.741 17.0 4.06 3.56 -0.00560 -0.00082 7.473 -5.736 0.00000 0.00000 

DA95022712 3.774 4.7 1. 98 1. 98 -0.00472 -0.00142 6.782 -5.881 0.00000 0.00000 

Dl\95031523 4.127 2.6 1.40 1.33 -0.00533 0.00004 6.787 -5.073 0.00000 0.00000 

DA95030101 4.422 45.3 5.42 6.28 -0.00420 -0.00225 6.105 -6.060 0.00000 0.00000 

DA95030lll 4.471 16.3 3.53 3.81 -0.00349 -0.00203 6.213 -5.392 0.00000 0.00000 



TABLE VII 

Linear theory aerodynamic coefficients 

----------------------------------------------------------------------------------------------------------------------
Shot Mach Roll Fit Frequency Fit 

Number Number DBSQ CD CDO CDSQ CNa cma Cmq Cnpa Clp Clp 

----------------------------------------------------------------------------------------------------------------------
DA95022010 1.056 0.4 0.871 0.868 23.141 16.391 -50.786 -319.4 63.737 13.746 0.000 
DA95022219 1.057 2.1 0.882 0.866 25. 140 18.390 -52.022 -333.3 29.490 -9.058 0.000 
DA95022230 1.116 0.1 0.854 0.853 29.087 22.337 -54.772 -289.2 -8.039 3.416 o.ooo 

~ DA95030613 1.254 2.4 0. 775 0.756 25.862 18.522 -51.982 -416.1 -407."288 -24.739 0.000 
DA95022009 1. 332 0.7 0.705 0.701 18.762 11.422 -49.282 -475.1 356.002 32.327 o.ooo 0 DA95030622 1. 380 17.9 0.746 0.625 22.321 15.371 -42.073 418.7 -282.505 -35.438 0.000 t-1 
DA95021318 1. 799 0.5 0.596. 0.593 17.859 12.039 -28.524 -331.7 -45.396 -25.377 0.000 > DA95021529 1. 846 0.6 0.599 0.596 16.643 10.823 -27.076 -277.2 -43.383 -16.379 0.000 r:n 
DA95021308 1. 850 0.9 0. 571 0.565 22.083 16.263 -27.085 -330.3 269.034 21.394 0.000 r:n 
DA95021328 2. 348 0.3 0.500 0.498 15.208 10.181 -18.764 -338.2 -29.411 -9.269 0.000 1-4 

~ DA95020907 2.364 0.4 0.479 0.478 12.456 7.532 -18.945 -360.2 3.039 4. 491 0.000 1-4 
DA95021317 2.413 2.0 0.480 0.471 14.794 9.870 -18.096 -278.8 -25.793 2. 773 0.000 t_:l:j 
DA95020927 2.663 3.4 0.455 o. 441 13.344 8.804 -15.710 -307.3 -26.194 -7.198 0.000 t:l 
DA95020906 2.741 1.9 0.406 0.398 13.231 8.691 -14.888 -242.1 -126.322 -2.481 0.000 
DA9502'0916 2.749 0.1 0.451 0.451 6.497 1.957 -14.543 -89.7 -0.333 2.405 0.000 
DA95030603 2.969 0.1 0.385 0. 385 15.758 11.638 -13.310 -319.3 -56.540 11.999 0.000 
DA95022205 2.970 1.6 0.381 0. 376 11.063 6.942 -13.489 -250.8 150.009 32.950 0.000 
DA95022215 3.312 2.8 0.358 0. 348 12.228 8.300 -11.331 -263.6 -22.203 -10.020 0.000 
DA95022726 3.337 0.4 0.376 0.375 12.628 8.700 -11.036 -205.7- -9.448 3.513 o.ooo 
DA95022702 3.681 8.0 0.333 0. 304 11.842 8.170 -10.106 -209.0 1139.350 -57.738 0.000 
DA95030121 3.741 17.0 0.359 0.297 11.881 8.209 -10.256 -244.4 -17.207 3.656 o.ooo 
Dl\95022712 3.774 4.7 0.321 0.305 11.302 7.694 -9.419 -228.2 -22.274 -15.795 0.000 
DA95031523 4.127 2.6 0.291 0.283 10.897 7.482 -8.243 -195.3 -18.088 0.000 0.000 
Dl\95030101 4.422 45.3 0.408 0.243 11.941 8.721 -8.845 -261.0 -267.211 0.000 0.000 
Dl\95030111 4.471 16.3 0.303 0.249 10.856 7.701 -8.034 -214.1 -9.275 4.057 0.000 



TABLE VIII 
Six-degree-of freedom aerodynamic coefficients - Single fit 

Mach 
Shot Number Number DBSQ 

ABARM 
ex 
CX2 

CNa 
CNa3 

Dl\95022010 1. 056 

DA95022219 1.058 

0.4 0.868 18.73 
l 0.\) ( 7.\) 

1.3 6.500 0.00 
(*) (*) 

2.0 0.868 18.02 
( 0. \) ( 3. \I 

2.7 6.500 0.00 
(*I ( • I 

CYpa 
cnpa 

cma 
Cma3 

Cmq 
Cmq2 

0.00 -50.489 -332.0 
(*) ( 0.\) ( 11.\) 

0.00 o.oo o.o 
(*I (*) (.) 

0.00 -51.605 -349.6 
{*) ( 0. \) ( 7 .\) 

0.92 0.00 0.0 
(-) I *I (.) 

CZga3 CYga3 Clga2 
Cmga3 Cnga3 Cnsm 

Clp 
Cld 

CNda 
CNdB 

0.0 
(*) 

0.0 
( *) 

0.0 
(*) 
0.0 
(*) 

0.0 
(*) 

0.0 
(.) 

0.0 
(.) 

0.0 
!*I 

0.00 -18.200 0.000 
(* l l*l (*I I 
o.oo -0.001 0.000 
(*) ( 2.\) (*) l 

0.00 -18.240 0.000 
(*) ( 0.\) (*I 
0.00 0.288 0.000 
(*I ( 0.\) (*) 

Cmda I 
CmdB I 

0.021 
4.\) 

O.Oll 
4. \I 

0.000 
I • I 

0.000 
(*) 

Probable Error 
X(m) Angle(deg) 

Y-Z(m) Roll(deg) 

0.0005 0.072 

0.0003 0.431 

0.0005 0.080 

0.0003 0.692 

------------------------------------------------------------------------------------------------------------------------------
DA95022230 l.ll6 0.1 0.854 18.50 0.00 -54.595 -320.0 

( 0.\) (*) (*) ( 0.\) (*) 
0.7 6.500 0.00 -25.00 0.00 0.0 

(.) ( *) ( 35.\1 {.) (.) 

Dl\95030613 1.254 2.3 0.760 18.81 0.00 -52.604 -386.0 
( 0.\) ( 5.\) {*) ( 0.\) ( 14.\) 

2.2 6.500 0.00-307.56 o.oo 0.0 
(.) (*) { 5. \) (*) (*) 

Dl\95022009 1.332 0.8 0.701 16.29 0.00 -49.917 -505.5 
{ 0.\) { 7.\) (*) ( 0.\) ( 6.\) 

2.0 6.500 0.00-320.00 0.00 0.0 
(*} (.) (*) (*) {.) 

Dl\95030622 1.377 15.8 0.708 16.37 0.00 -45.883 -500.0 
{ 0.\) ( 3.\) (*) ( 0.\) (*) 

8.9 6.500 0.00-223.25 0.00 0.0 
(*) (*) { 0.\) {*) (*) 

0.0 
(*) 
0.0 
(*) 

0.0 
(*) 
0.0 
(*) 

0.0 
(*) 
0.0 
(*) 

0.0 
(*I 
0.0 
( *) 

0.0 0.00 -18.145 0.000 0.000 
(.) 1*1 ( 0.\) (*) (*) 

0.0 0.00 0.562 0.000 0.000 
(*) (*) ( 0.\) {*) {*) 

0.0 0.00 -23.564 0.000 0.000 
(*) {*) ( 0.\) (*} (*) 

0.0 0.00 0.340 o.ooo 0.000 
(*) (*) ( 0.\) (*) (*) 

0.0 
I* I 
0.0 
(.) 

0.0 
( *) 

o.o 
<*I 

0.00 -24.000 
(*) (*) 
0.00 -O.Oll 
(*) ( 0. \) 

0.00 -28.986 
(*) ( 1.\) 
0.00 0.925 
(.) ( 0. \) 

0.000 0.003 
(*) ( 15.\) 

0.000 -0.023 
(*) ( 4 .\) 

0.000 0.000 
( *) (.) 

0.000 0.000 
( *) ( *) 

0.0007 0.058 

0.0003 2.106 

0.0008 0.088 

0.0004 1.881 

0.0007 0.082 

0.0003 1.005 

0.0013 0.087 

0.0004 3.541 

--------.--------------·:--------------------------------·-----;"""~----------....,---------------------------.-----------------------' , I 

Dl\95021318 1.799 0.6 0.594 11.29 0.00 -28.977 -385.8 o.o 0.0 0.00 -22.935 0.000 0.000 0.0008 0.056 

( 0. \) ( 7. \) (.) ( 0. \) l 6. \) ( *l (.) (.) ( 0.\) ( *) (*) 

1.6 4.300 0.00 -41.14 0.00 0.0 0.0 0.0 0.00 0.401 0.000 0.000 0.0003 0.827 

(*) (*) ( 11.\) (*) (*) (*) (*) (*) ( 0. \) (*) (*) 

------------------------------------------------------------------------------------------------------------------------------

~ 
0 

~ r:n 
~ 

~ 
~ 

~ 
t:::! 



Mach 
Shot Number Number DBSQ 

ABARM 
ex 
CX2 

CNa 
CNa3 

CYpa 
cnpa 

Cma 
Cma3 

cmq 
cmq2 

DA95021529 1.846 0.6 0.598 11.80 0.00 -27.450 -370.0 
( 0.\) (*) (*) ( 0.\) (*) 

1.5 4.300 0.00 -34.53 0.00 0.0 
(*) (*) ( 10.\) (*) (*) 

DA95021308 1.850 1.0 0.567 11.80 0.00 -27.511 -416.3 
( 0.\) (*) (*) ( 0.\) ( 5.\) 

2.0 4.300 0.00 -36.00 0.00 0.0 
(*) (.) (*) (*) (*) 

OA95021328 2. 34 8 0.4 0.500 10.37 0.00 -19.738 -294.8 
( 0.\) ( 10.\) I* I ( 0.\) ( 11.\} 

1.1 3. 300 0.00 -21.90 0.00 0.0 
(*) ( *) ( 13.\) (*) (*) 

CZga3 CYga3 Clga2 
Cmga3 Cnga3 Cnsm 

Clp 
Cld 

CNda 
CNdB 

I 
Crn<ia I 
CmdB I 

0.0 
(*) 
0.0 
(*) 

0.0 
(.) 

o.o 
(*) 

o.o 
(*) 

0.0 
(*) 

o.o 0.00 -22.188 0.000 0.000 
(*) (*) ( 0.\) (*) (*) 

0.0 0.00 0.760 0.000 0.000 
(*) (*) ( 0.\) (*) (*) 

0,.0 
(.) 

0.0 
(*) 

0.0 
I • I 
0.0 
(*) 

0.00 -22.400 
(*) (*) 
0.00 -0.001 
(.) ( 8. \) 

0.00 -18.315 
(.) ( o. \) 
0.00 0.622 
(*) ( 0.\) 

0.000 0.004 
(*) ( 4.\) 

0.000 -0.012 
(*) ( 1. \) 

0.000 0.000 
(*) (.) 

0.000 0.000 
(*) (.) 

Probable Error 
X (m) Angle (deg) 

Y-Z(m) Roll(deg) 

0. 0011 0.105 

0.0003 0.912 

0.0007 0.072 

0.0004 1.468 

0.0010 0.072 

0. 0004 2.667 

------------------------------------------------------------------------------------------------------------------------------
DA95020907 2.364 0.5 0.478 10.17 0.00 -19.021 -330.0 0.0 0.0 o.oo -18.300 0.000 -0.007 0.0007 0.067 

( 0.\) ( 6.\) (*) ( 0.\) (*) (*) (*) (*I (*) (*) ( 3. \) 
1.4 3.300 0.00 -24.00 0.00 0.0 0.0 0.0 0.00 0.000 0.000 0.018 0.0002 0.301 

(*) (*) (*) (.) (*) (*) (*) (*) ( 2. \) ( *) ( 2.\) 

DA95021317 2.414 2.1 0.473 9.92 0.00 -18.120 -298.6 o.o 0.0 o.o,o -18.273 0.000 0.000 0.0007 0.071 
( 0.\) ( 3. \) (*) ( 0. \) ( 5.\) (*) (.) (.) I 1. \) (*) (.) 

2.6 3.300 0.00 -.23.94 0.00 0.0 0.0 0.0 0.00 0.311 o.ooo 0.000 0.0003 5.420 
(*) ( *) ( 10.\) (*) {*) (*) (*) (*I ( 1. \) (*) (.) 

-------------------------------------·---------------·------~-----------;-----------------------·-----------·------·--·---------

DA95020927 2.663 3.7 0.446 8.95 o.oo -15.964 -397.9 
( 0.\) ( 4.\) (*) ( 0.'1) ( 3.\) 

3.4 2.900 0.00 -25.84 o.oo o.o 
(*) (*) ( 4.\) (*) (*) 

Dl\95020906 2.741 2.1 0.400 8.92 0.00 -14.817 -254.3 
( 0 .\) ( 3 .\) (*) ( 0. \) ( 6.\) 

2.5 2.900 0.00 -23.00 0.00 o.o 
(*) (*) (*) (*) (*) 

0.0 
(*) 
0'.0 
(*) 

0.0 
(*) 
0.0 
(*) 

0.0 0.00 -16.736 0.000 0.000 
(*) (*) ( 0.\) (*) (*) 

0.0 o.oo 0.566 0.000 0.000 
(*) (*) ( 0. \) (*) (.) 

0.0 0.00 -16.700 0.(}00 0.016 
(*) (.) (*) (*) ( 2.\) 
0.0 0.00 -0.001 0.000 -0.007 
(*) (*) ( 2.\) (*) ( 3.\) 

0.0012 0.070 

0.0006 1. 691 

0.0008 0.073 

0.0003 0.640 

~ 
0 
t"'1 

~ 
rn. 
1--l 
1-:!:j 
1--l 
t_:Ij 
t::l 



Mach 
Shot Number Number DBSQ 

ABliRM 

ex 
CX2 

DA95020916 2.749 

D.l\95030603 2.969 

0.0 0.452 
( o. \) 

0.3 2.900 
(*) 

0.1 0.385 
( 0. \) 

0.6 2.500 
(.) 

CNa 

CNa3 
C'ipa 
cnpa 

Cma 
cma3 

cmq 
cmq2 

9.00 0.00 -15.373 -300.0 
(*) (*) ( 2.\) (*) 

0.00 -23.00 0.00 0.0 
( *) ( *) (*) (*) 

8.00 0.00 -13.900 -250.0 
(*) (*) ( 1. \) (*) 

0.00 -20.00 0.00 0.0 
(.) ! • ) (*) (*) 

CZga3 C'iga3 C1ga2 
cmga3 Cnga3 Cnsrn 

C1p 
Cld 

0.0 
(*) 

0.0 
(.) 

0.0 
(.) 

0.0 
( ., 

0.0 
(*) 

0.0 
(*) 

0.0 
(*) 
0.0 
(*) 

o.oo -15.991 
(*) ( o. \) 
0.00 0.269 
(*) ( 0. \) 

0.00 -13.300 
(*) (.) 

0.00 -0.002 
(*) ( 1. \) 

CNda 
CNdB 

0.000 
( *) 

0.000 
(.) 

cmda I 
CrndB I 

0.000 
( *) 

0.000 
(*) 

0.000 -0.003 
(*) ( 4.\) 

0.000 0.004 
(*) ( 3.\) 

Probable Error 
X(m) Angle{deg) 

Y-Z (m) Roll (de g) 

0.0009 0.072 

0.0004 1.902 

0.0006 0.073 

0.0004 0.454 

------------------------------------------------------------------------------------------------------------------------------
DA95022205 2.970 1.7 0.376 8. 72 0.00 -13.535 -275.4 0.0 o.o 0.00 -13.300 0.000 0.013 0.0007 0.063 

( 0. \) ( 3.\) ( *) ( 0. \) ( 5.\) (*I (*) (*) (*) ( *) ( 1. \) 

2.3 2.500 0.00 -20.00 0.00 0.0 0.0 0.0 0.00 0.002 0.000 -0.016 0.0002 1.522 

(.) (.) ( *) (*) ( *) ( *) (.) (*) ( 2. \) (*) ( 1. \) 

DA95022215 3.312 3.0 0.350 8.41 0.00 -11.485 -231.9 o.o 0.0 0.00 -13.886 0.000 0.000 0.0007 0.056 

( 0.\) ( 2.\) (.) ( 0. \) ( 4. \) ( *) (*) {*) ( 0. \) { *) (*) 

2.9 2.500 0.00 -16.61 0.00 0.0 0.0 o.o 0.00 0.234 0.000 0.000 0.0003 1.309 

(*) (*) ( 7. \) (*) (*) (*) (*) ( *) ( 0. \) (*) {*) 

------------------------------------------------------------------------------------------------------------------------------
D.l\95022726 3.338 0.4 0.376 8.19 0.00 -11.233 -250.0 

( 0. \) ( 6.\) ( *) ( 0.\) (*) 
1.0 2.500 0.00 -20.00 0.00 0.0 

(.) (.) (*) (*) (*) 

DA95022702 3.682 8.5 0.310 8.13 0.00 -10.169 -210.7 
( 0.\) ( 1.\) (*) ( 0.%) ( 3.\) 

4.9 2.000 0.00 -14.00 0.00 0.0 
(*) ( *) (.) (*) (*) 

DA95030121 3.745 17.6 0.309 8.45 o.oo -9.457 -277.1 
( 0. \) ( 1. \) (<) ( 0. \) ( 2.\) 

7.3 2.000 0.00 -14.31 -95.15 0.0 
( * J (*) ( 2. \) ( 4.\) (*) 

0.0 
{.) 

0.0 
(*) 

0.0 
(*) 

0.0 
(.) 

0.0 
( *) 

0.0 
(*) 

0.0 
(*) 
o.o 
(.) 

0.0 
( *) 

o.o 
(*) 

0.0 
( *) 
0.0 
(*) 

0.00 -13.398 0.000 
(*) ( 0. \) (.) 

0.00 0.462 0.000 
(.) ( 0. \) (*) 

0.00 -13.000 -0.007 
!*) (*) ( 19.\) ( 
0.00 -0.001 0.002 
(*) ( 6.\)( 83.\)( 

o.oo -13.415 0.000 
(*) ( 0. \) (.) 

0.00 0.449 0.000 
(*) ( o. \) (.) 

o.ooo 
(*) 

0.000 
(*) 

0.018 
10.\) 
0.003 
61. \) 

0.000 
( *) 

0.000 
(.) 

0.0009 0.057 

0.0003 1.910 

0.0006 0.073 

0.0004 1.895 

0.0007 0.079 

0.0003 2.543 

------------------------------------------------------------------------------------------------------------------------------

~ 
0 
t"' 

~ 
Ul ....... 
~ ....... 
tr.l 
tJ 



Mach 
Shot Number Number DBSQ ex CNa C'fpa 

CNa3 Cnpa 
Cma Cmq CZga3 C'fga3 Clga2 Clp 

C1d 

DA95022712 3.775 

DA95031523 4.127 

DA95030101 4.425 

DA95030111 4.473 

ABARM CX2 Cma3 Cmq2 Cmga3 Cnga3 Cnsm 

5.0 0.308 7.92 0.00 -9.275 -204.7 
( 0.\J I 

3.7 2.000 
(*) 

1.\) (*) ( 0.\) ( 3.\) 

2.7 

2.5 

0.00 -18.70 -90.00 0.0 
1*1 I 4.\) l*l (*J 

0.285 7.65 0.00 
I 0.\J I 2.\J l*l 
2.000 0.00 -16.27 

I*J 1*1 I 4 .\J 

-8.432 -152.4 
( 0.\) ( 7.\) 

0.00 0.0 
(*) (.) 

46.6 0.268 8.97 0.00 -7.950 -155.4 
( 0.\) ( 6.\) . ( 4.\) ( 1.\) (*) 

11.2 1.766 0.00 -13.00 -50.00 0.0 
( 50.\) (*) (*) (*) (*) 

17.7 0.257 7.76 0.00 -7.342 -247.2 
( 0. \) ( 1. \) (*) { 0. \) ( 2.\) 

7.0 2.000 0.00 -9.66 -93.13 0.0 
(.) (*) ( 5. \) ( 4. \) (*) 

0.0 
( *) 

0.0 
( *) 

0.0 
(*I 
0.0 
(.) 

0.0 
(*) 

0.0 
(*) 

0.0 
' (*) 

0.0 
(*) 

0.0 
(*) 
0.0 
(*) 

0.0 
( *) 

0.0 
(.) 

0.0 
(.) 

0.0 
(*I 

0.0 
(.) 

0.0 
(*) 

0.00 -12.546 
(*) ( 1.\) 
0.00 0.214 
I*) ( 0.\) 

0.00 -12.000 
(*) 1*1 
0.00 0.399 
(*) { 1.\) 

0.00 -12.000 
(.) 

0.00 
I • I I 

(*) 

0.029 
4. \) 

0.00 -11.718 
(*) ( 1.\) 
0.00 0.205 
(*) ( 1. \) 

I 
CNda Cmda I 
CNdB CmdB I 

0.000 
{*) 

0.000 
{.) 

0.000 
(*) 

0.000 
(*) 

0.000 
(.) 

0.000 
(. J 

0.000 
(* J 

0.000 
(*) 

0.000 -0.038 
(*) ( 7.\J 

0.000 0.012 
(*) ( 65.\) 

o.ooo o.ooo 
(.) (*) 

0.000 0.000 
(.) (*) 

Probable Error 
X(m) Angle(deg) 

Y-Z(m) Roll(deg) 

0.0007 0.056 

0.0003 2.652 

0.0009 0.073 

0.0003 0.000 

0.0006 0.148 

0.0006 0.000 

0.0007 0.083 

0.0004 5.225 

------------------------------------------------------------------------------------------------------------------------------
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Shot Numbers 

DA95022230 DA95022010 

DA95022219 

DA95022009 DA95030613 

TABLE IX 
Six-degree-of freedom aerodynamic coefficients - Multiple fits 

Mach 
Number DBSQ ex 

ABARM CX2 
CX4 

CNa CYpa Cma 
CNa3 Cnpa Cma3 
CNa5 Cnpa3 Cma5 

Cmq 
Cmq2 
Ctnq4 

1.077 0.9 0.863 18.47 o.oo -52.648 -322.4 
( 0. \) ( 2.\) ( *) ( 0. \) { 5.\) 

2.7 6.500 0.00 0.00 0.000 0.0 
(*) (*) (*) (*) (.) 

0.000 0.00 0.00 0.000 0.0 
(.) (*) (.) (*) (*) 

1.293 1.5 0.731 18.27 0.00 -50.968 -487.4 
( 0. \) ( 3.\) { * l ( 0. \) ( 6.\) 

2.1 6.500 0.00-321.97 0.000 0.0 
{*) ( *) ( 3. \) (*) (.) 

0.000 0.00 0.00 0.000 0.0 
( *) ( ., ( *) (*) (*) 

CZga3 CYga3 Clga2 CXM 
cmga3 Cnga3 CXga2 CmaM 
Cmga Cnga5 Clp CnsM 

0.0 0.0 0.00 -0.24 
(*) (*) (*) ( 3.\) 

0.0 o.o 0.00-65.20 
(*) (*) (*) ( 6.\) 
0.0 ·o.o -18.16 ,0 .00 

(*) (*I ( 0.\) ( *) 

0.0 0.0 0.00 -0.75 
( *) (*) ( *) ( 1. \) 
0.0 0.0 0.00 40.85 

(.) (*) (*) ( 4 .\) 
0.0 0.0 -23.57 0.00 

(.) (*) ( 0.\) (*) 

Probable Error 
X (m) Angle (degl 

Y-Z(m) Roll(deg) 

0.0006 0.072 

0.0003 1.307 

0.0009 0.090 

0.0004 1. 506 

--------------------------------------------------------------------------------------------------------------------------
DA9502131B DA95021529 1.832 0.7 0.585 11.78 0.00 -27.976 -377.7 o.o 0.0 0.00 -0.29 0.0009 0.079 

(.) ( 4.\) (.) ( o. \) ( 4. \) (.) (*) (*) (*) 

DA95021308 2.0 4.300 0.00 -35.61 0.000 0.0 0.0 o.o 0.00 29.48 0.0003 1.484 
(.) (*) ( 7. \) (* l (.) ( *) (*) (*) ( 7.\) 

0.000 0.00 0.00 0.000 0.0 0.0 0.0 -22.35 0.00 
(.) (*) (.) (*) (*I (*) (* l ( 0.\) (*) 

DA95021328 DA95020907 2.375 1.0 0.484 10.52 0.00 -18.904 -306.5 0.0 0.0 0.00 -0.16 0.0008 0.069 

(*) ( 2.\) ( * l ( 0.\) ( 4. \I (*) (*) (*) (*) 

DA95021317 2.6 3.300 0.00 -24.33 0.000 0.0 0.0 0.0 0.00 19.24 0.0003 3.464 

,(*) (*) ( 7. \) (*) (*) (*) (*) ( *) ( 5.\) 

0.000 0.00 0.00 o.ooo 0.0 0.0 o.o -18.31 0.00 
( *) (*) ( *) ( *) (.) (*) ( *l ( 0. %) ( *) 

DA95020916 DM5020906 2.718 1.9 0.435 9.01 0.00 -15.199 -335.5 0.0 0.0 0.00 -0.15 0.0010 0.071 

! • I ( 2.%) (*) ( 0. \) ( 3.\) (*) (*) (*) (*) 

DA95020927 3.3 2.900 0.00 -22.68 0.000 0.0 0.0 0.0 0.00 13.77 0.0004 1. 798 
(.) (*) ( 4. t) (*) ( *) ( *) (*) (*) ( 3.\) 

0.000 0.00 0.00 0.000 0.0 0.0 0.0 -16.65 0.00 
(.) (.) (*) (*) ( *) (*) (*) ( 0.%) (*) 

--------------------------------------------------------------------------------------------------------------------------
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Mach I Probable Error 
Shot Numbers Nurrber DBSQ ex CNa CYpa Cma cmq CZga3 CYga3 Clga2 CXM I X(m) Angle (deg) 

ABARM CX2 CNa3 cnpa cma3 cmq2 Cmga3 Cnga3 CXga2 cmaM I Y-Z(m) Roll (deg) 
CX4 CNa5 Cnpa3 cma5 C!nq4 Cmga Cnga5 Clp CnsM 

------------------------------------------------------------------------------------------------------------------------------
DJ\.95030603 DJ\.95022726 3.147 1.3 0.373 8.69 0.00 -12.456 -260.1 0.0 0.0 0.00 -0.04 0.0007 0.063 

(*) ( 1. \) (.) ( 0.\) ( 3. \) (*) (*) (*) {.) 

DA95022205 DJ\.95022215 2.9 2.500 o.oo -19.58 0.000 0.0 0.0 0.0 0.00 5.92 0.0003 1.582 
(*) ( ., ( 5.%) (.) (.) (*) (*} (*) { 1. ,, 

0.000 0.00 0.00 0.000 0.0 0.0 0.0 -13.50 0.00 
(*) (*) (.) (*) (*} (*) (*) ( 0.\) (*) 

DJ\.95022702 DJ\.95022712 3.734 10.1 0.309 8.32 0.00 -9.533 -239.8 0.0 0.0 0.00 -0.02 0.0007 0.072 
( 0. \) ( 1. \) (.) ( o .\) I 1.\) (*) (.) (*) ( 33.\) 

DJ\.95030121 7.2 2.129 0.00 -13.92 -90.425 0.0 0.0 0.0 0.00 5.48 0.0004 2.841 
( 9.\) (.) ( 2 .\) ( 2.\) (*) (*) (.) (*) ( 2.'1:) 

0.000 0.00 0.00 0.000 0.0 0.0 0.0 -13.18 0.00 
(.) ( *l (*) ( *l (*) (*) (*) ( 0.\) (*) 

------------------------------------------------------------------------------------------------------------------------------
DJ\.95031523 DA95030111 4.300 10.2 0.271 7. 74 0.00 -7.853 -247.0 0.0 o.o 0.00 -0.08 0.0008 0.088 

{ 0. \) ( 1. \) (.) ( 0.\) ( 2. \) (*) {*) {*) ( 3.\) 
7.0 2.000 0.00 -13.72 -93.319 0.0 0.0 0.0 0.00 2.94 0.0004 3.658 

(.) (*) ( 3.\) I 4.\) (*) (*) (*) ( *) I 3.\) 
0.000 0.00 0.00 0.000 0.0 0.0 0.0-11.71 0.00 

{ ., {*) {*) { *) I*) (*) (*} ( 1.\) (*) 
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TABLE X 
Roll moment coefficient due to fin cant 

Model Fin cant (o) ciao cio 
Number (rad) (/rad) 

DA11 0.03492 0.20480 5.87 
DA12 0.03491 0.21440 6.14 
DA13 0.03492 0.34032 9.75 
DA15 0.03491 0.23350 6.70 
DA16 0.03491 0.26900 7.71 
DA17 0.03492 0.31094 8.91 
DA18 0.03491 0.40053 11.47 
DA19 0.03491 0.28781 8.24 
DA21 0.06982 0.44952 6.44 

DA22 0.06982 0.92464 13.24 
DA23 0.06982 0.39934 5.72 
DA26 0.06981 0.46234 6.62 
DA27 0.06982 0.56609 8.11 
DA28 0.06982 0.62231 8.91 
DA29 0.06981 0.75968 10.88 
DA30 0.06982 0.56184 8.05 
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DREV aeroballistic range 

Fig. la) Photograph of aero ballistic range complex 
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Fig. lb) Photographic station spacing 
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Photographs of model and sabot package 

' ' 

FIGURE 3 - a) Tested projectiles showing fin cants 
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Shadowgraph photographs of Shot AlO 

FIGURE 7 - a) V = 370.7 m/s, Mach = 1.078 
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FIGURE 7 - b) V = 363.7 m/s, Mach = 1.057 
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FIGURE 7 - c) V = 355.9 m/s, Mach = 1.035 
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FIGURE 12 - Pitch moment coefficient slope versus Mach number 
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FIGURE 13 - Pitch damping coefficient versus Mach number 
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FIGURE 14 - Magnus moment coefficient slope versus Mach number 
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FIGURE 15- Roll damping coefficient versus Mach number 
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FIGURE 16 - Roll moment due to fin cant versus Mach number 
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Comparison of DREV results and published data 
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FIGURE 17- a) Axial force 
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FIGURE 17- b) Normal force coefficient slope 
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FIGURE 17- c) Pitch moment coefficient slope 
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APPENDIXB 

Motion Plots 
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